ABSTRACT: The distribution of trabecular structures in mammalian long bone metaphyses has been insufficiently explored. We show in rats that the trabecular bone structural parameters display a decreasing gradient, toward the diaphysis, that can be defined mathematically. This gradient is applicable for optimizing the reference volume in metabolic studies and for retrospective correction of implant positioning.
INTRODUCTION
T HE SECONDARY SPONGIOSA of rodent distal femoral and proximal tibial metaphyses are widely used as a model to study the effect of genetic and metabolic changes on trabecular bone architecture. (1) (2) (3) In addition, the rat proximal tibial metaphysis has been widely used to study the anchorage of endosseous implants in trabecular bone. (4) (5) (6) The mammalian metaphyseal trabecular bone is nonuniformly distributed, with its bone volume density (BV/TV) decreasing as a function of distance from the cartilaginous growth plate. (7) Hence, a key issue related to morphometric analyses of the metaphyseal trabecular bone content is the choice of a standard reference volume. Another aspect of the metaphyseal architectural variability is the standardization of implant positioning, particularly in small laboratory animals for which computer-guided implant insertion is generally unavailable. We observed that the smallest proximo-distal range attainable by a highly trained operator is ±0.5 mm of the implant target position and that deviations within this range significantly affect the morphometric parameters in the peri-implant trabecular bone (PIB).
Based on our anecdotal qualitative observations using CT and the reported metaphyseal BV/TV gradient, (7) we hypothesized that the other morphometric trabecular bone parameters also exhibit such a gradient. A corollary hypothesis was that this gradient can be modeled mathematically. Indeed, using quantitative CT data, we showed such parameter-, site-, and treatment-specific gradients and the feasibility of their modeling. We further showed their applicability for optimizing the reference volume in metabolic studies and for retrospective correction of implant positioning.
MATERIALS AND METHODS
All experimental protocols were approved by the Institutional Animal Care and Use Committee of the Hebrew University-Hadassah Medical Center. Thirteen-week-old male Sprague-Dawley rats, each weighing 330 g at the beginning of experiments, were purchased from Harlan Laboratories (Jerusalem, Israel) and maintained at the animal research facility of the Hebrew University-Hadassah Medical Center. Animals were fed standard rat chow containing 0.8-1.2% calcium, 0.7-0.9% phosphorus, and ∼3000 units of vitamin D per kg (Koffolk 19-520; Koffolk, Tel Aviv, Israel) and water ad libitum throughout the experiment. All surgical procedures were carried out under general anesthesia using a mixture of 100 mg/kg of ketamine and 3 mg/kg of xylazine. Rimadyl was administered as postsurgical analgesia at a dose of 5 mg/kg, twice a day for 2 days.
Distribution of trabecular bone parameters
Bilateral orchiectomy (ORX) was performed in eight rats. Additional eight sham-ORX rats served as controls. Six weeks were allowed to pass before death. At the time of death, the right tibias and femora were separated, transferred for 48 h to phosphate-buffered formalin, and kept in 70% ethanol. For a detailed qualitative and quantitative 3D evaluation, the tibias and femora were examined by a CT imaging system (CT 40; Scanco Medical, Bassersdorf, Switzerland) essentially as described recently. (3) To compare image acquisition conditions to those used for implantation sites, the system was operated at 70 kV and 114 mA (maximal current for the 70 kV setting) using the longest integration time available, 300 ms. The nominal resolution was 15 m. (5) To assess changes in trabecular bone parameters as function of distance from the primary spongiosa, the secondary spongiosa in the proximal tibial and distal femoral metaphyses was divided into 0.45-mm-thick cross-sectional segments covering a zone of 3.6 mm away of the respective distal-or proximal-most tip of the primary spongiosa (Fig.  1) . Bone volume density (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and connectivity density (Conn.D) were determined separately for each segment using 3D quantitative morphometry. (8) All parameters were calculated directly from the 3D image data using the IPL software (Version 4.18; Scanco Medical, Bassersdorf, Switzerland). Each of these parameters was then subjected to a curve-fit analysis (Version 11; SPSS, Chicago, IL, USA), which was optimized by the least-square principle. (9) 
Endosseous implant model
We used custom-made turned screw-shaped implants made of Ti-6Al-4V alloy. The implant shank was 5 mm long; its largest diameter was 0.9 mm, tapering to 0.55 mm at the tip. Before insertion, the implants were cleaned in denatured 70% ethanol in an ultrasonic bath and gassterilized in 10% ethylene oxide. The implants were inserted into the proximal metaphysis of the right tibia, attempting an implant position parallel to, and 1.5 mm distal of, the proximal growth plate (the growth plate is visible as a line brighter than the bone; Fig. 2 ). At the time of death, the implantation site was separated, transferred for 48 h to phosphate-buffered formalin, and kept in 70% ethanol.
In experiments designed to study implant anchorage in ORX rats, implants were inserted 6 wk after ORX or sham-ORX in seven animals per treatment. The implantation site was analyzed 6 wk thereafter. In addition, in 6-wk post-ORX animals, we measured temporal changes 2, 4, 8, and 12 wk after implant insertion; the number of animals analyzed was 11, 8, 11, and 10 per time group, respectively, which remained after excluding animals with postoperative swelling or ulceration, implant shank not perpendicular to the cortical antero-medial aspect, or excessive bone formation around the extracortical part of the implant. Each rat was used at only one time-point.
Analysis of peri-implant parameters
After image acquisition, the titanium and mineralized tissue were segmented from each other and from the bone marrow by applying a multilevel thresholding procedure. (5, 10, 11) This procedure is necessary because the immediate, ∼180-m-wide peri-implant zone cannot be accurately segmented together with the rest of the CT image, because it is partially masked by a bright gradient resulting from the high interaction of the X-rays with the metallic implant. (12) The percent osseointegration (%OI), was calculated from 3D image data as the ratio between "bone" and total voxels in a single voxel thick interval (15 m) over the entire surface of the intratrabecular portion of the implant. (5) The PIB volume of interest included the entire trabecular compartment between the cross-sectional planes 0.9 mm proximally and 0.9 mm distally from the implant longitudinal axis. The following parameters were determined in the PIB: BV/TV, Tb.N, Tb.Th, and Conn.D.
An apparent, initial bone-implant contact is made already at the time of implantation resulting from the close proximity of the implant and preexisting trabeculae. At this time, the visible contacts have no functional significance. However, it is likely for these trabeculae to provide the first sites for genuine osseointegration. (13) Also, the trabecular bone region occupied by the implant is excluded from the PIB analysis. Because surgical implant insertion generates a substantial amount of radiopaque debris in contact with the implant (biologically removed shortly after implantation), we performed a curve-fit analysis for the PIB parameters and %OI using digital implantation. In this procedure, the 3D image of a scanned implant was superimposed on the same images used for the curve-fit analysis of the trabecular bone, thus mimicking the actual surgical implantation. The implant longitudinal axis was positioned in each of segments 2-7 shown in Figs. 1C and 1D, at the midtransversal segmental plane. Segments 1 and 8 were excluded because the 0.9-mm-diameter implant, if placed in these segments, would exceed the metaphyseal volume of interest. As above, the PIB parameters and %OI were determined after the digital implantation, subjected to curve-fit analysis and the resultant prediction curves used to correct the observed measurement to the 1.5-mm target distance. The parameters determined after digital implantation are referred to below as "pre-implantation" values.
Statistical comparisons
All comparisons were analyzed using SigmaStat software (SPSS, Chicago, IL, USA). Differences in quantitative CT parameters for time and treatment groups were tested by ANOVA. When significant differences were indicated by ANOVA, group means were compared using the StudentNewman-Keuls posthoc correction for multiple comparisons.
RESULTS
In the femora and tibias of sham-ORX and ORX animals, we carried out a curve-fit analysis of trabecular bone parameters in a reference volume extending 3.6 mm from the tip of the primary spongiosa. In this window, ORX induced a trabecular bone loss which was of a similar magnitude in both skeletal sites. This loss was reflected in ∼35% lower BV/TV values (p < 0.05) 6 wk postoperatively. We (3) In the distal femoral metaphysis, the curve-fit analysis showed decreasing gradients (0.951 > r 2 > 0.592; r 2 ‫ס‬ percent explained variation) for all parameters other than Tb.N in the ORX animals ( Fig. 3B) with linear or second-order polynomial (quadratic) regression curves ( Fig. 3 ; Table 1 ). For BV/TV, Tb.Th, and Conn.D, the mathematical model (quadratic or linear) is preserved after ORX, albeit the decrease in the absolute values (Fig.  3) . The proximal tibial metaphysis exhibited decreasing logarithmic gradients for all parameters studied (Fig. 4) . Other than for the Tb.Th, which showed low r 2 values ( Fig.  4C ; Table 2 ), the fitness between the observed and predicted values in the tibia was similar to that obtained in the femur (0.944 > r 2 > 0.841; Fig. 4 ). Establishing the metaphyseal gradient in mathematical terms, we further assessed its applicability to the analysis of gonadectomy-induced bone loss by comparing the corresponding segments in ORX versus sham-ORX rats. In general, the degree of ORX-induced changes in BV/TV and Conn.D increases as a function of distance from the primary spongiosa, whereas Tb.N and Tb.Th show a similar change in all segments (Fig. 5) . In both the femur and tibia, the percent decrease in BV/TV in the ORX rats showed a vast increase between the first segment (0-0.450 mm from the primary spongiosa) and the last segment (3.150-3.600 mm from the primary spongiosa). The femoral percent change in BV/TV exhibits a "signature," discriminating it from the tibial percent change in BV/TV. Although the tibia shows a more or less linear increase from segments 1-8, the femoral signature consisted of two phases: segments 1-4 shows a similar change (30-35% each) followed by a linear increase in the response to ORX (Fig. 5A) . The percent decrease in Conn.D shows a linear variation between the first and last segment in both sites (Fig. 5 ). Another "femoral signature" in ORX rats is the decrease in Tb.Th, which is absent in the tibia.
The curve-fit analysis in the tibias (Fig. 4) suggested that proximo-distal changes of <1 mm in implant positioning affect particularly the BV/TV and Conn.D by 25-50% (Fig.  4) . Although such variability is unavoidable, it is also methodologically unacceptable. To correct for the deviations in implant positioning, we introduced a curve-fit analysis based on values obtained using digital implantation (Fig. 6) . A comparison between Tables 2 and 3 showed that adding the digital implant did not alter the logarithmic relationship between the parameter values and distance from the primary spongiosa. Also, the r 2 values remained generally very high. Although the regression curve slopes are in the same order of magnitude, they do differ substantially from those obtained without the digital implant (Tables 2 and 3) . Consequently, we applied the digital implantation-based tibial prediction curves to correct the observed measurements to the 1.5-mm target distance from the primary spongiosa using the following logarithmic equation:
where P c is the corrected value for a predetermined arbi- trary distance, D c (1.5 mm in the present analysis); P m represents the observed measurement at an actual distance D m ; and is the parameter-specific slope of the fitness equations (Table 3) . Like the commonly used linear regression, this method of correction falls within the frame of analysis of covariance (ANCOVA). To enhance the goodness of fit, the adjustment for the covariate used a logarithmic rather than a linear regression.
Initially, we assessed the effect of ORX 6 wk after implantation. In sham-ORX rats, the BV/TV, Tb.N, Conn.D, and %OI showed marked and significant differences between the corrected and uncorrected values. These differences reflect substantial deviations in implant insertion away from the target location rather than the effect of gonadal status on skeletal elongation. The absence of such an effect, at least in the sex and age of the presently used rats, is indicated by the similar elongation measured in sham-ORX versus ORX rats between postoperative weeks 1 and 12 (3.53 ± 0.22 versus 3.65 ± 0.29 mm, respectively; p ‫ס‬ 0.757). All the corrected, but not uncorrected, values showed statistically significant differences between the ORX and sham-ORX animals (Fig. 7) .
Because of our general interest in implant anchorage in low-density bone, one goal of this study was to formulate temporal curves for postimplantation trabecular bone parameters in the present ORX-tibial implantation model. Figure 8 compares curves based on corrected and uncorrected values. On weeks 2 and 4, there is no difference between the mean corrected and uncorrected values, reflecting close similarity in implant positioning. At the later time-points, there are significant differences between the curves that describe postimplantation changes in BV/TV, Tb.N, Conn.D, and %OI, which show higher corrected than uncorrected values (Figs. 8A, 8B, 8D , and 8E), because of implant insertion distal to the target position. Time dependency was ruled out using a factorial analysis (ANOVA, data not shown). At the 2-wk time-point, BV/ TV and Tb.Th are higher compared with their preimplantation level (Figs. 8A and 8C) . Thereafter, the PIB measurements decrease progressively, with the corrected BV/ TV reaching baseline level on week 4 after implantation (Fig. 8A) . Despite its temporal decrease between weeks 4 and 12, the Tb.Th remains at elevated levels compared with baseline (Fig. 8C) . At week 2, Tb.N and Conn.D values do not exceed their preimplantation level. Later, their corrected values remain at baseline levels, with the uncorrected values being substantially lower. Of particular importance is the distinct trend portrayed by %OI. Already at week 2, its values are significantly higher compared with the theoretical values based on the digital implantation. Correcting the %OI measurements introduced a change of trend: whereas the uncorrected values failed to show statistically significant differences between postimplantation time-points, the corrected values showed a near linear temporal trend, reaching a 145% increase from week 2 to week 12 (Fig. 8E) . 
DISCUSSION
The occurrence of a density gradient in the metaphyseal secondary spongiosa is evident already in early anatomical, histological, and radiological publications. However, thus far, this gradient has been quantified only in the mouse and only in terms of trabecular BV/TV. (7) The introduction of CT now facilitates precise measurement of trabecular bone parameters based on a direct 3D approach. (10) Using such CT measurements in rat long bones, we show here that all the analyzed parameters display a decreasing gradient through the secondary spongiosa toward the diaphysis. The gradient can be accurately defined using mathematical equations. We further show that the amount of gonadectomy-induced bone loss varies along the gradient and that the equations defining the gradient can be effectively used to correct experimental variations resulting from deviations in the insertion of endosseous implants.
We defined here only a "vertical" gradient. Noticeably, however, the gradient has a radial vector whereby the trabecular bone density progressively increases toward the cortex. The net result of the vertical and radial gradients is a cone-like pattern of decreased bone density, with the vertex pointing toward the primary spongiosa. Although the radial component should not be underestimated, at this time, we elected to focus on the overall gradient to accommodate the analysis of implant anchorage, inasmuch as the implants traverse the entire metaphyseal horizontal dimension.
Mathematically, the gradient was somewhat different comparing the distal femoral and proximal tibial metaphyses. In the femur, the best fit was obtained using linear or quadratic equations, whereas in the tibia, the changes in all parameters were best defined by logarithmic curves. This site variation may be related to mechanical loading, as shown by the different magnitude of morphometric changes induced by exercise between the distal femoral and proximal tibial metaphyses. (14) In addition to site variation, each parameter displayed a different slope, namely, an individual change rate. In both the tibia and femur, BV/TV and Conn.D displayed the steepest gradient, with Tb.N and Tb.Th exhibiting only shallow gradients. Conventionally, changes in BV/TV have often been associated with alterations in Tb.N and Tb.Th, (15) with the length of trabecular struts not included in the standard battery of bone morphometric parameters. (16) The connectivity is more reflective of the supported length of the trabecular struts than of the strut number. (17) Therefore, these findings suggest that the decrease in BV/TV and Conn.D along the metaphyses is related more to shortening of trabecular struts than to a decrease in their number and thickness.
For most parameters in the femur and BV/TV and Conn.D in the tibia, the main manifestation of the trabecular bone loss induced by ORX was lowering the parameter values (shifting down the gradient), with a substantially smaller effect on the gradient slope. Importantly, the bone loss did not affect the polynomial pattern of the individual parameters (i.e., linear, quadratic, or logarithmic). The percent ORX-induced decrease in BV/TV and Conn.D was markedly enhanced as a function of distance from the pri- mary spongiosa, whereas the femoral Tb.Th declines at a constant rate. The tibial Tb.Th in ORX rats remains more or less unchanged. The femoral and tibial post-ORX Tb.N remains generally constant, suggesting that an important process leading to trabecular bone loss after gonadectomy is shortening of trabecular struts, particularly in the distant segments. In this process, Tb.N is left unchanged because some existing trabeculae are resorbed and some crumble into multiple smaller fragments. These data, which indicate that the highest proportion of gonadectomy-induced bone loss occurs at the metaphyseal segments distant from the growth plate, have practical implications in determining the reference volume in histology-and CT-based morphometric studies. They clearly suggest that, to enhance sensitivity, such studies should include only the distant segments. They further stress the critical importance of reporting the location and dimensions of the reference volume for better interstudy comparison.
One of the most popular endosseous implantation models is the intrametaphyseal insertion of tapered, threaded implants in rats. (6, (18) (19) (20) However, we were unable to find any publications addressing the issue of implant positioning and its possible effect on OI and PIB measurements. In fact, not all studies investigating the effect of gonadectomy on implant anchorage in this model report the same alterations. Perhaps more importantly, they show different temporal trends of changes in morphometric parameters in both the gonadectomized rats and sham-operated controls. (6, (18) (19) (20) (21) (22) (23) Actually, the present results show that only after correction there were significant and substantial differences between sham-gonadectomized and gonadectomized rats. In addition, the temporal increase in %OI was revealed only by using the corrected values. Hence, these results suggest that the differences between the previously published reports could be the consequence of deviations in implant positioning, which induces a considerable variability in measurements carried out in this model.
To correct for variations in implant positioning, we used a version of the curve-fit analysis based on digital implantation. Because (1) deliberate, precise implant positioning at predetermined locations is unattainable, and (2) the effect of the postimplantation healing process confounds the basal gradient, the digital implantation is a realistic approximation to assess the possible implant impact on the gradient of PIB parameters and %OI. Indeed, the digital implantation-based analysis suggests that the actual presence of implants would modify the curves by decreasing the relative weight of the central metaphyseal region, which contains a looser trabecular network. Introducing the digital implants revealed an ORX-induced decrease in Tb.N, suggesting that crumbling of long trabeculae into multiple smaller fragments is more typical of the central, rather than the peripheral, metaphysis. However, using the digital implantation did not change the overall trend of the decreasing gradient.
It is noteworthy that here and previously, (24) there are opposite postimplantation temporal trends in the %OI ver- sus PIB parameters. The %OI increases progressively, apparently consequent to the induction of osteoblast activity by the titanium implant, (25) whereas the PIB parameters decrease. The initial elevation in PIB parameters during the first couple of weeks after implantation is attributable to the osteogenic bone marrow reaction to the injury associated with implant insertion. (26, 27) This reaction consists of de novo primary bone formation in the intertrabecular spaces and increased bone formation on the surfaces of preexisting trabeculae. The decrease in these parameters that follows results from remodeling of the reactive bone. (26) These results show the feasibility of modeling trabecular bone structures using rather simple mathematical tools. In contrast to modeling strategies based on finite element analysis, which link the skeletal structure to material properties and biomechanical functioning, this analysis elucidates a "mathematical behavior" of a trabecular structural unit per se. As shown here, such modeling may be used as an experimental tool, but more importantly, if proven applicable to human skeletal structures, it may be further developed to enhance the diagnosis of metabolic bone diseases and for the evaluation of therapeutic measures. 
